Abstract Peritumoral brain edema (PTBE) is mediated by blood-brain barrier breakdown. PTBE results from interstitial vasogenic brain edema due to vascular endothelial growth factor and other inflammatory products of brain tumors. Glucocorticoids (GCs) are the mainstay for treatment of PTBE despite significant systemic side effects. GCs are thought to affect multiple cell types in the edematous brain. Here, we review preclinical studies of GC effects on edematous brain and review mechanisms underlying GC action on tumor cells, endothelial cells, and astrocytes. GCs may reduce tumor cell viability and suppress vascular endothelial growth factor (VEGF) production in tumor cells. Modulation of expression and distribution of tight junction proteins occludin, claudin-5, and ZO-1 in endothelial cells likely plays a central role in GC action on endothelial cells. GCs may also have an effect on astrocyte angiopoietin production and limited effect on astrocyte aquaporin. A better understanding of these molecular mechanisms may lead to the development of novel therapeutics for management of PTBE with a better side effect profile.
Introduction
Peritumoral brain edema (PTBE) is a leading cause of morbidity and mortality in patients with brain tumors. Breakdown of the structural integrity of the blood-brain barrier (BBB) and the subsequent increase in interstitial fluid mediates this type of brain edema, termed vasogenic brain edema (VBE) (Fig. 1) . In contrast, edema mediated by cell death and swelling seen in early ischemic injury for example is called cytotoxic edema. Vasogenic edema in PTBE is mediated primarily by vascular endothelial growth factor (VEGF) [1, 2] . Inhibition of VEGF receptors (VEGFR) with antibodies significantly decreases PTBE [3] . Although effective [4] , VEGFR inhibition is rarely used to manage isolated PTBE.
Clinically, glucocorticoids (GCs) have been the mainstay of treatment to manage PTBE. It was demonstrated first in the 1940s that a crude extract from the adrenal cortex and anterior pituitary significantly decreased brain edema in a cat model [5] . In the modern neurooncology era, dexamethasone, is used commonly to manage PTBE due to its potent glucocorticoid and low mineralocorticoid effects. Despite its potency, high doses of dexamethasone are required to achieve clinically relevant reduction in PTBE and result in significant systemic side effects, particularly with prolonged use [6] . These include fat redistribution, immunosuppression, glucose intolerance, osteoporosis, and avascular necrosis among others [7] . Although routinely used to manage PTBE arising from brain tumors [8] [9] [10] , GC use may actually worsen outcomes [11, 12] .
GCs modulate PTBE pleiotropically, affecting multiple cell types in the brain. A better understanding of these molecular mechanisms could assist in the development of novel treatments with more specific targets and a better side effect profile. In this review, we explore preclinical studies on the molecular mechanisms by which corticosteroids exert their effects in the treatment of vasogenic edema.
Review General pathways
GCs mediate their effects through the glucocorticoid receptor (GR). Being lipid soluble, glucocorticoids diffuse through the cell membrane and bind to intracellular GR. Subsequently, heat-shock protein 90 (Hsp90) release, GR dimerization, and GR translocation to the nucleus occurs, where transcription of multiple target genes is altered [13] . Though GCs exert some of their effects through direct action on other signaling cascadesso-called non-genomic effects-most effects relevant to brain edema are mediated through transcriptional changes [7] .
GCs regulate target genes via glucocorticoid response element (GRE) within the promoter region. GR-glucocorticoid complexes bind the GRE to modulate the gene expression, typically by increasing transcription. Decreased transcription of the downstream gene, or so-called negative GREs, are rare [13, 14] . The GRE was originally discovered in the promoter region of the mouse mammary tumor virus and contains the palindromic sequence GGTACAnnnTGTTCT. [14, 15] . Each of the GR proteins in the activated homodimer contains a zinc finger that interacts with one end of this palindromic sequence via the major groove in DNA [16] . Other transcription elements, however, also play an important role in the activity of glucocorticoids in brain edema. Most notably is the activator protein type 1 (AP-1) site-a sequence upstream of genes like VEGF and other inflammatory mediators-that is targeted by GC action.
Early studies failed to demonstrate strong evidence of NSAIDS on vascular permeability or PTBE [17] [18] [19] [20] . Therefore, although GCs have well documented antiinflammatory effects, these effects may play a minor role in PTBE. GCs inhibit inflammation via two mechanisms [21] . Fig. 1 Blood-brain barrier tight junctions and aquaporin-4 channels. Tight junctions between endothelial cells of the microvasculature comprise the blood-brain barrier. Claudin-5, claudin-1, and occludin are key tight junction proteins in this barrier. All three contain four transmembrane spanning regions with cytosolic amino and carboxy termini. Zonula occludens (ZO) proteins ZO-1, ZO-2, and ZO-3 anchor these tight junction proteins to the endothelial cell actin cytoskeleton. Adherens junctions also contribute to the blood-brain barrier. Vascular endothelial cadherin (VEcadherin) is the primary component of adherens junctions and is anchored to the actin cytoskeleton by catenins. Finally, foot processes of astrocytes envelop the microvasculature also contributing to the integrity of the blood-brain barrier. Aquaporin-4 channels are located on theses foot processes facing the vessel. These channels allow for bidirectional water flow between the astrocyte and the perivascular space First is increased transcription of proteins that suppress inflammatory mediators. For example, glucocorticoid-induced leucine zipper (GILZ) expression is stimulated by glucocorticoids and has been demonstrated to inhibit the proinflammatory transcription factors AP-1 and NF-kB. [22] [23] [24] Second, GC action inhibits proinflammatory mediators via direct protein-protein interaction. Direct inhibitory interactions between the GC-bound, activated GR homodimer and NF-kB and AP-1 proteins have been demonstrated in in vitro studies. [25, 26] AP-1 and NF-kB are important mediators of the inflammatory response, and their suppression by glucocorticoids results in decreased production of proinflammatory cytokines such as granulocyte macrophage colony stimulating factor (GM-CSF), tumor necrosis factor-alpha (TNF-α), and interleukins-1,2, and 10. [13] Anti-inflammatory effects of GCs may depend primarily on direct protein-protein interactions [27, 28] . This is different from transcriptional effects on GCs primarily responsible for brain edema resolution.
Modulation of the expression of endothelial tight junction proteins may underlie the formation and resolution of brain edema. This review will primarily highlight GC effects on endothelial tight junctions and other effects on brain tumor cells and astrocytes. These sites are discussed in turn with a focus on preclinical evidence for glucocorticoid effects at each.
Tumor cells

Vascular endothelial growth factor
BBB breakdown in PTBE is primarily mediated by VEGF [1, 2] . VEGF is secreted directly by tumor cells and tumor VEGF expression correlates with vascular permeability and vasogenic brain edema (VBE) in vivo [29, 30] . GCs can directly suppress VEGF production by tumor cells in some conditions. Heiss et al. demonstrated a significant decrease in VEGF mRNA expression by a glioma cell line in vitro when treated with dexamethasone [31] . But, GCs had limited effect on VEGF induced by hypoxia rather than growth factors. Since hypoxia induces VEGF expression in many brain tumors [32] , GCs may have limited effect on tumor VEGF production. The study also suggests that the activated GR interacts directly with the AP-1 transactivator complex via proteinprotein interactions, bypassing transcriptional effects. This is supported by two important findings in their study. First, inhibition of the GR by RU486 reversed the effects of dexamethasone. Second, dexamethasone alone had no effect on basal levels of VEGF production in this glioma cell line. The effect was only demonstrated when VEGF production was first augmented by compounds that target the AP-1 binding site in the VEGF gene (i.e., platelet-derived growth factor). Presumably, the activated GR interacts with the AP-1 transactivator protein complex preventing its ability to stimulate VEGF transcription. The non-genomic effect is mediated by the interaction of the activated GR and the AP-1 protein complex [33] .
Tumor cell viability
GCs may have a direct effect on viability and proliferation of primary brain tumor cells. Using three different human glioblastoma multiforme (GBM) cell lines, Kaup et al. demonstrated an inconsistent decrease in cell proliferation in response to dexamethasone under some conditions (e.g., incubation with dexamethasone before becoming confluent) [34] . Fan et al. demonstrated a significant inhibition of cell proliferation among three rodent glioma cell lines, though the effect was limited on human glioma cell lines. Although dexamethasone was effective against U87 human glioma cell line, a paradoxical increase in proliferation was observed in T98G and U251 human glioma cell lines, particularly at higher dexamethasone concentrations. [35] These results suggest a timesensitive period during which proliferation of this particular cell line can be sensitized to and subsequently inhibited by dexamethasone [34] . Ultimately, some heterogeneity in cell lines' response to GC is to be expected, especially considering recent evidence of anywhere from three to six subtypes of malignant gliomas that are otherwise histologically identical [36, 37] . Despite these findings from in vitro studies, GCs do not appear to have antitumor effects in the clinical setting. In primary brain tumor patients, dexamethasone does have beneficial effects in decreasing the apparent size of the tumor. However, this change is usually attributable to decreases in edema rather than tumor [38] .
Conversely, dexamethasone may reverse the effect of chemotherapeutic agents on primary brain tumor cell viability. Two studies have reported that dexamethasone may reverse multiple cellular indicators of apoptosis normally induced by temozolomide in cultured human GBM cells [39, 40] . Temozolomide is the standard of care chemotherapeutic agent used in treatment of glioblastoma. Studies using in vitro GBM cultures have also shown that dexamethasone may reverse the efficacy of other chemotherapeutic agents including ACNU, methotrexate, and cisplatinum [41] [42] [43] [44] [45] . Clinical studies have demonstrated no appreciable change in concentration of chemotherapeutic agents within the tumor itself but have shown decreased concentration in peritumoral regions in response to dexamethasone [46] [47] [48] [49] [50] . It remains unknown whether this is due to reduced vascular permeability induced by GC effect on peritumoral endothelium.
Aquaporin
GCs may also have an important role in the regulation of water channel expression within tumor cells. Aquaporins (AQP) are water channels whose expression is thought to play a central role in the formation and resolution of brain edema. AQP-4 expression-particularly on astrocytes-has been studied the most in relationship to vasogenic edema and is discussed extensively in the astrocyte section of this review. AQP-1 channels, on the other hand, have been found expressed in glioma cells and their associated tumor vasculature [51] . Hayashi et al. found that GCs stimulated expression of AQP-1 channels in response to dexamethasone treatment on gliosarcoma cells in vitro [52] . The role of AQP-1 in the formation and/or resolution of PTBE is unclear. However, AQP-1 expression is related to changes in water and H+ movement within glioma cells as their metabolic profile shifts toward glycolysis [52] .
In summary, GCs may affect PTBE by modulating VEGF secretion by primary brain tumor cells. GCs may also decrease tumor cell viability and proliferation. However, the antiproliferative effects of GCs may not be clinically relevant. GCs may decrease tumor cell responsiveness to certain chemotherapeutics and worsen clinical outcomes independent of their effect on PTBE.
Endothelial cells
Endothelial cells lining the brain microvasculature highly express tight junction proteins forming the blood-brain barrier (BBB). BBB prevents extravasation and paracellular movement of proteins and small molecules into the brain parenchyma ( Fig. 1) [53] .VBE mediated by VEGF and other inflammatory mediators results in disruption of the BBB from functional loss of tight junction proteins [54] . GC-mediated reversal of VBE by modulation of tight junction proteins including occludin, claudin-5, claudin-1, and ZO-1 [59] are discussed in the following sections.
Occludin
Occludin is a 504-amino acid integral protein with a molecular weight of about 65 kDa. It contains four transmembrane spanning regions, two extracellular domains, and intracellular carboxy and amino terminal regions [56] . In endothelial cells, occludin is one of the primary proteins involved in maintaining the integrity of the BBB [57, 58] . Loss of endothelial cell occludin expression leads to vasogenic edema through BBB breakdown, particularly in high-grade gliomas [55, 59, 60] . GCs may alleviate vasogenic edema through transcriptional upregulation of functional occludin protein in endothelial cells [61] [62] [63] [64] [65] [66] [67] . Cultured endothelial cells demonstrate increased occludin expression when treated with GCs in conjunction with proinflammatory cytokines (i.e., TNF-α, IL-1) or with GC treatment alone [67] . This suggests that GCs may affect baseline endothelial cell occludin expression in addition to reversing the effects of proinflammatory cytokines. In addition to transcriptional changes, GCs may increase the functionality of occludin protein already present in endothelial cells through dephosphorylation [66] . VEGF-induced breakdown of endothelial cell culture monolayers correlates with phosphorylation of the occludin protein via protein kinase C, which is likely reversed by GC action [68, 69] . Many modern in vitro studies of the BBB utilize bovine retinal endothelial cells and measure electrical resistance across monolayer as a proxy for BBB integrity [62, 64, 67, 70] . This proxy measure for BBB permeability-called trans-endothelial resistance (TER)-is well established and based on pore theory [71] . But, few studies have assessed the effect of GCs on tight junction proteins on brain endothelial cells or an in vivo brain model of vasogenic edema [61] . An improved understanding of mechanisms of VBE in the brain requires reliable animal models.
Claudin
The claudins are a family of small transmembrane proteins that serve as the primary component of tight junctions in various tissue types [72] . Of the 20 subtypes of claudins, only claudin-1 and claudin-5 are heavily expressed in the endothelial cells of the BBB [54] . Claudin-5 is downregulated in endothelial cells cocultured with glioma cells or exposed to proinflammatory cytokines [59, 67] . Treatment with GCs results in transcriptional upregulation of claudin-5 expression in vitro but not on claudin-1 [63, 67] . Although expression of both claudin-5 and claudin-1 decreases with BBB breakdown [59, 73] , only claudin-5 is transcriptionally upregulated in response to GCs.
Occludin and claudin-5 may have overlapping roles in maintaining the BBB. Gene knockout of either of the proteins result in limited effect on the ultrastructure of endothelial tight junctions and minimal increases in overall permeability [58, [74] [75] [76] . GCs may mediate their effect on tight junctions by restoring expression of both claudin-5 and occludin.
ZO-1 expression
ZO-1 is a fully intracellular protein that anchors integral proteins like occludin to the actin cytoskeleton [53] . Similarly, it also anchors adherens junctions to the cytoskeleton as well. In vitro studies have not established the exact relationship between GCs and ZO-1 expression. Romero et al. found significant upregulation of ZO-1 protein and mRNA expression in cultured rat brain endothelial cells in response to dexamethasone [65] . Other studies, however, have contradicted these findings in rat brain endothelial cell line [77] , bovine retinal endothelial cells [66] , and mouse brain endothelial cells [78] . Two studies employing rat brain endothelial cells and similar experimental designs found opposite effects of dexamethasone on ZO-1 expression [65, 77] . In vitro studies have consistently demonstrated a translocation of ZO-1 to the periphery of endothelial cells after treatment with GCs [65, 66, 78] . Endothelial cells are likely induced by GCs to both increase production of tight junction-associated proteins like ZO-1 in addition to reorganizing already synthesized proteins to reestablish the tight junctions of the BBB.
Adherens junctions
Adherens junctions have been shown to play an important role in the binding of adjacent vascular endothelial cells of the brain similar to tight junctions [79, 80] . These structures are based largely on the extracellularly linked protein vascular endothelial cadherin (VE-cadherin) anchored to intracellular proteins like α-catenin, β-catenin, and p120-catenin [53] . Interestingly, there may be no direct effect of glucocorticoids on adherens junction proteins [65, 67, 78] . Blecharz et al. demonstrated an increase in VE-cadherin expression after dexamethasone treatment but no effect on α-catenin, β-catenin, and β-actin. Furthermore, the increased expression of VEcadherin was not due to direct transcriptional effects of dexamethasone on the VE-cadherin gene [78] . Glucocorticoids can increase adherens junction protein expression in endothelial cells of other tissue types [81] . In the brain though, glucocorticoids most likely mediate their tightening of the BBB primarily through a direct effect on tight junction proteins which subsequently leads to reestablishment of adherens junctions through some other mechanism. In concert, these effects restore the integrity of the BBB and prevent further extravasation of fluid into the interstitium.
Matrix metalloproteinases
Matrix metalloproteinases (MMPs) are a family of enzymes that degrade the extracellular matrix and basal lamina in various tissues. In the brain, MMPs have been implicated in BBB breakdown in many models of CNS disease including glioblastomas [59] , reperfusion injury following ischemic stroke [82] , and active multiple sclerosis [83] . Inhibition of MMPs with synthetic compounds decreases brain vessel permeability in vivo. [84] Similarly, endogenous inhibitors of MMPs, such as tissue inhibitor of matrix metalloproteinases-1 (TIMP-1) may have a role in GC-mediated reversal of vasogenic edema. Brain endothelial cells demonstrate an upregulation of TIMP-1 protein and mRNA in response to GCs in vitro [77, 85] . Decrease in MMP-9 expression in response to dexamethasone has been confirmed in vivo as well. In an intracerebral hemorrhage animal model, MMP-9 protein expression in the ipsilateral hemisphere was decreased by GCs [86] . In a pneumococcal meningitis animal model, both the parenchymal mRNA levels and colony stimulating factor (CSF) activity levels of MMP-9 were diminished by GCs [87] . Finally, in human patients with tuberculous meningitis, CSF protein concentrations of MMP-9 were significantly reduced in response to GCs [88] . MMP-9-also called gelatinase B-mediates its destructive effect on the BBB by destroying the collagen type IV enriched for in the basal lamina of brain endothelium. MMP-9 is released by brain endothelial cells, inflammatory cells, and astrocytes and is a specific inhibitory target of TIMP-1. The TIMP-1/MMP-9 ratio plays a critical role in the normal physiology of inflammation, angiogenesis, and tissue remodeling [89] . GCs restore the ratio when decreased due to inflammation. In endothelial cells, this is likely mediated by differential transcriptional regulation of TIMP-1 expression and MMP-9 expression, [85] .
In summary, the blood-brain barrier (BBB) is comprised of tightly linked endothelial cells of the brain microvasculature. Brain endothelial cells have unique expression patterns of tight junction proteins occludin, claudin-5, and ZO-1 along with adherens junction proteins comprising this barrier. GC action on this cell type likely plays the most important role in PTBE. In in vitro models of BBB breakdown, GCs induce upregulation of occludin and claudin-5 expression but have no apparent direct effect on claudin-1 or VE-cadherin expression. Additionally, dephosphorylation of occludin and translocation of ZO-1 to the cell membrane likely play a role in GC action. Finally, GCs restore the balance of matrix metalloproteinases and their endogenous inhibitors by downregulating the former and upregulating the latter. Specifically, GCs act on MMP-9 and TIMP-1.
Astrocytes
Astrocyte foot processes play an important role in the BBB integrity. Cocultures of brain endothelial cells with astrocytes represent the limited permeability of the BBB better than endothelial cells alone [90] . Removal of these cocultured astrocytes results in increased permeability but has no effect on the organization or expression of tight junction or adherens junction proteins [91] . Thus, in the reinstatement of BBB integrity stimulated by glucocorticoids, astrocytes may be important targets as well. Their role in physical barrier formation and secretion of important mediators is discussed in this section.
Aquaporins
Aquaporins are a family of at least 13 transmembrane proteins that transport water. Aquaporin 1 (AQP1), aquaporin 4 (AQP4), and to a lesser degree aquaporin 9 (AQP9) are expressed in brain tissue, but only AQP4 has been shown to play a significant role in the formation and resolution of brain edema. AQP4 upregulation consistently occurs in the setting of both cytotoxic (cellular swelling) and vasogenic brain edema (interstitial edema) and is expressed on the foot processes of astrocytes that surround the microvasculature of the brain [92, 93] . Its presumed role in these two forms of edema, however, is considerably different. In vivo studies of AQP4 knockout animals show significantly decreased edema formation in models of cytotoxic edema like water intoxication and ischemic stroke [94] while the opposite is true in vasogenic edema. AQP4 gene knockout mice in vasogenic edema models experience increased intracranial pressure and edema from both direct intraparenchymal fluid infusion and implanted tumor cells [95] . These observations are consistent with AQP4 as a passive water channel expressed on astrocyte foot processes at the interface of where fluid enters or exits the brain parenchyma depending on the mechanism of edema.
The AQP1 gene contains a glucocorticoid response element in its promoter and has demonstrated upregulation in response to glucocorticoids in various tissues outside of the brain [96] [97] [98] . In the brain however, AQP1 expression is mainly localized to the choroid plexus and its role in edema formation is not as well established as AQP4. The effect of glucocorticoids on brain AQ4 expression is under investigation. In vitro studies have failed to demonstrate a direct effect of glucocorticoids on AQP4 expression. In testing various steroid hormones, Gu et al. demonstrated that testosterone stimulates AQP4 protein and mRNA upregulation in astrocyte cell cultures, but both estradiol and dexamethasone failed to have an effect [99] . Though a handful of studies in other tissues like the lung have demonstrated upregulation of AQP4 at the protein level in response to glucocorticoids [100] , this has not been demonstrated in in vitro studies of brain tissue [93, 99] .
In vivo studies suggest a more indirect effect of GCs on AQP4 expression. Dexamethasone treatment resulted in delayed decreased AQP4 protein expression in rat models of cytotoxic brain edema bacterial meningitis [101] and intracerebral hemorrhage [102] , both representing. The delayed response coincides with GC-mediated edema resolution via targets other than AQP4. Additionally, a large clinical study characterizing AQP4 expression in 189 human patients with brain tumors found no difference in AQP4 expression with dexamethasone treatment [103] .
Angiopoietins
Angiopoietins are substances secreted mainly by astrocytes and pericytes that play a key role in angiogenesis and stability of the BBB. The two most widely studied in relationship to brain edema are angiopoietin-1 (Ang1) VEGF vascular endothelial growth factor, AQP aquaporin, ZO-1 zonula occludens 1, VE-cadherin vascular endothelial cadherin, MMP-9 matrix metalloproteinase 9, TIMP-1 tissue inhibitor of metalloproteinases 1, GC glucocorticoid, ECM extracellular matrix, PTBE peritumoral brain edema and angiopoietin-2 (Ang2). Ang1 binds Tie-2 receptors, stabilizes the BBB, and is capable of stimulating upregulation of key tight junction proteins in endothelial cells [104] . Ang2, on the other hand, is a natural antagonist of the Tie-2 receptor and is associated with BBB breakdown and brain endothelial cell apoptosis in vivo [105] . The interplay of Ang1 and Ang2 is important in proper stability of the BBB. Overexpression of Ang2, for example, prevents blood vessel formation in animal embryos [106] . Despite their important role in angiogenesis and brain edema, the literature on the effect of glucocorticoids on astrocyte angiopoietins is limited. In an in vitro study of brain astrocyte, pericyte, and endothelial cells, Kim et al. found that dexamethasone stimulates increased protein and mRNA expression of Ang1 in astrocytes and pericytes, though not in endothelial cells [107] . This also coincided with a decrease in protein and mRNA expression of VEGF in the same cell types. These findings are consistent with the role of glucocorticoids in promoting the integrity of the BBB which is at least partially mediated by the stabilizing effects of angiopoietin-1. In summary, astrocytes envelop endothelial cells of the microvasculature and play a key role in the structure and signaling involved in BBB integrity. AQP4 is a passive water channel expressed on astrocyte foot processes and plays an important role in resolution of vasogenic edema. Dexamethasone has no direct effect on AQP4 expression in astrocyte cultures though in vivo studies demonstrate a secondary increase in astrocyte AQP4 expression. Finally, angiopoietin-1 and angiopoietin-2 stabilize or destabilize microvascular structure, respectively. Limited data suggests dexamethasone may upregulate angiopoietin-1 astrocyte expression.
Conclusions
Peritumoral brain edema at the molecular level is the result of disruption in the structure of the BBB. Of the three main cellular targets of glucocorticoids (tumor cells, endothelial cells, and astrocytes), protein expression in endothelial cells likely play the most critical role in GC-mediated reversal of PTBE. In particular, the tight junction proteins occludin, claudin-5, and ZO-1 along with MMPs and VEGF are central to the GC mechanism of action ( Table 1) . Importantly though, in vitro studies can often be at odds with clinically relevant mechanisms. We have developed an in vivo animal model which isolates VEGF-mediated vasogenic edema and plan to employ this model in further elucidation of mechanism of glucocorticoid action (under review). A better understanding of these glucocorticoid mechanisms will help identify novel targets for edema resolution potentially with better side effect profiles than glucocorticoids.
